The updated data for the ground-state-to-ground-state α-transition half-lives in 401 nuclei and the α capture cross sections of 40 Ca, 44 Ca, 59 Co, 208 Pb and 209 Bi are well described in the framework of the unified model for α-decay and α-capture. The updated values of the α decay half-lives, the binding energies of nuclei, the spins of parent and daughter nuclei, and the surface deformation parameters are used for the reevaluation of the model parameters. The data for the ground-stateto-ground-state α-decay half-lives are also well described by the empirical relationships.
I. INTRODUCTION
α-decay is very important process in nuclear physics . The theory of α-decay was formulated by Gamow [1] and independently by Condon and Gurney [2] . Subsequently various phenomenological and microscopic approaches to the description of α-decay were proposed; see, for example, Refs. and papers cited therein. The simple empirical relationships for description of α-decay half-lives have been discussed too, see, for example, Refs. [3, 4, 6, 7, 9, 10, 12, 15, 19, 22, 23, 28] and numerous references therein.
The α-decay process involves sub-barrier penetration of α-particles through the barrier, caused by interaction between α-particle and nucleus. The fusion (α-capture) reaction between the α-particle and nucleus proceeds in the opposite direction to the α-decay reaction. However, the same α-nucleus interaction potential is the principal ingredient to describe both reactions. Therefore it is natural to use data for both the α-decay half-lives and the near barrier α-capture reactions for determination of the α-nucleus interaction potential. The α-decay halflives and the α-capture cross sections are evaluated in the framework of the unified model for α-decay and α-capture (UMADAC) in Refs. [8, 14, 16, 17] .
The experimental information on the α-decay is extensive. The experimental data are continually being expanded and refined. The data have been updated very recently [29] . The ground-state masses and spins of nuclei have been updated continually too [30, 31] . More accurate atomic mass values lead to more exact definition of the Q values of the ground-state-to-ground-state α transitions. More precise definition of the angular momentum value of the emitted α particle relates to accurate values of the ground-state spins. Therefore, it is reasonable to use extended and updated the data for ground-state-toground-state α-decay transitions [14, 29] , atomic masses, and spins [30, 31] for more accurate and full description of the α-decay half-lives in the framework of UMADAC. The data for the α-decay half-lives for 401 nuclei and the α-capture cross sections of 40 Ca, 44 Ca, 59 Co, 208 Pb, and 209 Bi [32] [33] [34] [35] are used now. In comparison to this, our previous dataset [14, 15] contained 344 cases for the ground-state-to-ground-state α-transitions.
It is very important to have simple and accurate expressions for evaluation of α-decay half-lives which can be used very easily. The first empirical formula for α-decay half-lives was presented by Geiger and Nuttall [3] . Since then, many other empirical relationships have been proposed by various authors; see, for example, Refs. [4, 7, 9, 10, 12, 15, 22, 23, 28] and papers cited therein.
In general, experimentalists would like to evaluate expected half-life values during experiment design. This is especially important for α-decay studies of superheavy elements [36] [37] [38] [39] or nuclei, which are very far from the stability line [40, 41] , because such processes are very rare and difficult to observe. That is why, simple and accurate empirical relationships are still claimed. As a consequence, many empirical expressions have appeared during the last several decades [7, 9, 10, 12, 15, 19, 22, 23, 28] . The new extended data for the α-decay half-lives, atomic masses, and spins give the possibility of improving the accuracy of the empirical relationships introduced in Ref. [15] .
The main points of UMADAC is briefly presented in Sec. II. A discussion of the input data, adjustable parameters and results is given in Sec. III. Secion IV is dedicated to consideration of the simple empirical relationships for description of the α-decay half-lives. The conclusion is given in Sec. V.
II. UMADAC
The α-decay half-life T 1/2 in UMADAC depends on the total width Γ of the α-emission [8, 14, 16, 17] 
where
is the total width of decay, γ(θ, φ) is the partial width of the α emission in the direction θ and φ, and Ω is the space angle. We consider the axial-symmetric nuclei therefore
where 10 ν is the α-particle frequency of assaults on the barrier, which takes into account α-particle preformation; t(Q, θ, ℓ) is the transmission coefficient, which shows the probability of penetration through the barrier; and Q is the released energy at α decay. The transmission coefficient can be obtained in the semiclassical WKB approximation as
where a(θ) and b(θ) are the inner and outer turning points determined from the equations v(r, θ, ℓ, Q)| r=a(θ),b(θ) = Q, and µ is the reduced mass. The α-nucleus potential v(r, θ, ℓ, Q) consists of Coulomb v C (r, θ), nuclear v N (r, θ, Q) and centrifugal
for r ≤ r m (θ),
Here Z, R, β 2 and β 4 are, respectively, the number of protons, the radius, the quadrupole and hexadecapole deformation parameters of the nucleus interacting with the α-particle; e is the charge of proton, Y 20 (θ) and Y 40 (θ) are the harmonic functions; V (Q) and r m (θ) are, correspondingly, the strength and the effective radius of the nuclear part of the α-nucleus potential. Presentation of the Coulomb field in the form (7) at distances r r m (θ) ensures the continuity of the Coulomb field and its derivative at matching point r = r m (θ). The expressions for V (Q), r m (θ) and d are given below.
The angle and angular momentum are the canonical variables in quantum mechanics and do not commute. Therefore a simultaneous specification of the angle and angular momentum is restricted by the uncertainty principle [42] . Note the angular momentum of α-transition ℓ is the precisely specified variable in our approach for α-decay. In contrast to this, the angle of α-particle emission from a deformed nucleus is not experimentally observed, and we take the averaging on all possible directions of α-emission, see Eq. (2) . Therefore the simultaneous use of the angle and angular momentum in Eq. (5) with the consequent averaging on the angle of α-particle emission may be applicable at the semiclassical evaluation of α-decay half-lives. Nevertheless, the canonical variables are treated more consistently in the framework of the exact coupled channels approaches for α-decay of deformed nuclei, see, for example, Refs. [18, 21, 25, 27] and papers cited therein.
The α-capture cross section of an axial-symmetric nucleus at near-barrier collision energy E in the center-ofmass system is equal to [8, 14] 
Here the integration over angle θ is done for the same reason as in Eq. (2). The transmission coefficient t(E, θ, ℓ) can be evaluated using the semiclassical WKB approximation (see Eq. (4)) in the case of collision between the α particle and stiff magic or near-magic spherical nuclei at collision energies E below and slightly above barrier. The α-nucleus potential is given by Eqs. (5)- (9) . The transmission coefficient is approximated by an expression for a parabolic barrier at collision energies higher than or equal to the barrier energy.
III. UMADAC: INPUT DATA, DISCUSSION AND RESULTS
We choose the data for 401 α-transitions between the ground states of parent and daughter nuclei with known values of both the half-lives from Refs. [14, 29] and the spins of parent and daughter nuclei from Ref. [30, 31] . We select the ground-state-to-ground-state transitions, which have a difference between measured [29] and evaluated using the atomic mass data [30] α-particle energies less than or equal to 10 keV. The recoil energy of the daughter nucleus is taken into account at the evaluation of the α-particle energy. The energies of excitation states in parent and daughter nuclei are larger than 10 keV in most of the selected nuclei [29] , therefore we choose the true ground-state-to-ground-state α-transitions. Moreover, the experimental data with precisely measured α-particle energy are selected by using this limitation. The additional manual selection of transitions is also used for some cases.
Our previous dataset [14, 15] contains 344 cases for the ground-state-to-ground-state α-transitions. Note some data presented in our old dataset [14] (see, for example, the ground-state-to-ground-state α-transitions in 216,218 Ra, 220 Th and many other cases) are skipped in the recent data compilation [29] . The reason of such data omission in the recent compilation is not known for us. Therefore we make the current dataset for T 1/2 for the ground-state-to-ground-state α-transitions by adding some data from Ref. [14] .
The data for α-capture cross sections of 40 Ca, 44 Ca, 59 Co, 208 Pb and 209 Bi were taken from Refs. [32] [33] [34] [35] . These data are the same as before [14] .
The energy released in α-decay between the ground states of parent and daughter nuclei is calculated using recent evaluation of the atomic mass data [30] . The atomic mass consists of nucleons and electrons contributions. The contribution of the binding energy of atomic electrons in the energy of α-decay should be separated, because the α-decay is the nuclear process. Therefore the released energy of α-decay (Q), emitted at transition between ground states of the parent and daughter nuclei, is [14] 
where ∆M p , ∆M d and ∆M α are, correspondingly, the mass-excess of parent, daughter, and α nuclei. B e (Z) is the electron binding energy of the atom with the number of electrons Z. The value of the electron binding energy is evaluated by using the high-precision formula [43] B e (Z) = 14.4381 Z 2.39 + 1.55468 × 10 −6 Z 5.35 eV. (12) The new Hartree-Fock-Bogoliubov nuclear mass model based on standard forms of Skyrme and pairing functionals was presented recently [44] . This mass model is characterized by a model standard deviation σ = 0.500 MeV with respect to essentially all the 2353 available mass data for nuclei with neutron and proton numbers larger than 8. The values of deformation parameters β 2 and β 4 obtained in the framework of this accurate model [44] are used in our calculation for specifying the deformation of daughter nuclei.
The α-particle emission from nuclei obeys the spinparity selection rule. Let j p , π p and j d , π d be the spin and parity values of the parent and daughter nuclei respectively. The α particle has zero value of spin and positive parity, therefore the minimal value of angular momentum ℓ min at the α-transition between states with j p , π p and j d , π d is
where The parametrizations of the parameters of the α-nucleus potential (8) and the α-particle frequency of assault on the barrier (3) have the same form as previously [14] 
Here A and Z are the number of nucleons and protons in the nucleus, which is interacting with the α-particle, and I = (A − 2Z)/A = (N − Z)/A. We search the parameters by using the updated datasets. The procedure of parameters search is described in details in Ref. [14] . The obtained parameters values are given in Table I are in the range from -1 to +1. That is, the α-decay half-lives evaluated in the framework UMADAC agree well with the experimental data. Note that the values of the α-decay half-lives are scattered over an extremely wide range from ≈ 10 −7 s to ≈ 10 +27 s.
The root-mean-square (RMS) error of the decimal log- arithm of α-decay half-lives is determined as
We use this expression for evaluation of the total δ tot and partial (even-even δ e−e , even-odd δ e−o , odd-even δ o−e and odd-odd δ o−o ) RMS errors in the framework of our and other models by using our dataset for T Table II . We see in Table II that the values of these errors are small.
The α-capture cross-sections of 40 Ca, 44 Ca, 59 Co, 208 Pb and 209 Bi evaluated in UMADAC agree well with experimental data [32] [33] [34] [35] . The new figure is very similar to Fig. 2 in Ref. [14] , therefore we have not presented it.
IV. EMPIRICAL RELATIONSHIPS FOR α-DECAY HALF-LIVES
The empirical equation for evaluatiing α-decay halflives in nuclei proposed in Ref. [15] is written as
Here A p and Z p are the mass number and charge of the parent nucleus, respectively, and ℓ is the orbital moment of the emitted α-particle. The value of T 1/2 is given in seconds; the reaction energy Q and ℓ = ℓ min are defined by Eqs. (11) and (13), respectively. The coefficients a, b, c, d, e will be specified below. The first and third terms of the empirical equations were first discussed in Ref. [3] and after that have been used in various phenomenological expressions for α-decay half-lives. The second term is similar to the corresponding one in Ref. [7] , but we have introduced additional dependence related to the reduced mass [µ ∝ 4(A p − 4)/A p ] into this term [15] , because the α-decay half-life evaluated in the WKB approximation depends on the reduced mass, see Eqs. (4) and (9) . The second term in Eq. (20) is written after algebraic transformation of the corresponding term in Ref. [15] . The centrifugal potential (9) distinctly contributes to the total α-nucleus potential at small distances between the daughter nucleus and the α-particle at ℓ = 0. As a results, the accurate consideration of the α-transitions should take into account the spins and parities of parent and daughter nuclei and angular momentum of the emitted α-particle, therefore the fourth and fifth terms are added, see Eq. (20) .
A. Relationships for full datasets
We introduce the empirical relationships for α-decay half-lives in e-e, e-o, o-e and o-o nuclei. The values of parameters a, b, c, d, e obtained for the full set of data (SET I) are presented in Table III .
The RMS errors of the decimal logarithm of the α-decay half-lives (19) are presented in Table II . Similar RMS errors obtained by using empirical relationships from Refs. [6, 7, 12, 19, 23, 28] for our dataset are also given in Table II . We use the same values of parameters in the formulas from Refs. [6, 7, 12, 19, 23, 28] as recommended in the cited papers. Only the α-decay energy is evaluated according to Eq. (11) . We stress that we use 401 half-lives for the ground-state-to-ground-state α-transitions for evaluating our empirical formulas. In contrast to this some other empirical relationships are obtained by using data for the total half-lives. The universal decay law [19] is determined by fitting the half-lives in both α-decay and cluster emitters. Our empirical re- We introduce into the empirical relationships for α-decay half-lives in e-o, o-e, and o-o nuclei two ℓ-dependent terms, which relate to angular momentum and parity corrections. Note that the empirical relationships obtained in Refs. [6, 7, 12, 19] have not taken into account any angular momentum and/or parity corrections. Due to this the RMS errors obtained by using UMADAC and Eq. (20) with parameters of SET I given in Table III for α-transitions in e-o, o-e and o-o nuclei are much smaller than the ones evaluated by using relationships from Refs. [6, 7, 12, 19] , see Table II . The empirical relationships obtained in Refs. [23, 28] also included the angular momentum and/or parity correction terms, but the shapes of the angular momentum terms in these Refs. differ from the one presented in Eq. (20) . As a result, the RMS errors obtained by using the empirical relationships obtained in Refs. [23, 28] are also small. So, the angular momentum and/or parity correction terms of the empirical relationships are very important for accurate description of the α-decay half-lives in e-o, o-e, and o-o nuclei. The forms of angular momentum and/or parity correction terms proposed in Eq. (20) and in Ref. [23] lead to smaller values of the RMS errors than the ones in Ref. [28] .
B. Relationships for light and heavy nuclei subsets
Similar to our previous work [15] we also apply the empirical equation (20) for evaluation of α-decay halflives for heavy (with A − Z > 126 and Z > 82; SET III) and light (rest of the nuclei from the full dataset; SET II) nuclei. The fitting procedure and all definitions are the same as before. As a result, we find coefficients a, b, c, d, e for fitting T 1/2 in light and heavy subsets of nuclei, which are presented in Table III .
Using our empirical relationships for light and heavy subsets of nuclei we evaluate the RMS errors of α-decay half-lives for light and heavy data subsets, see Tables IV and V, respectively. Similar RMS errors ob- [7] tained with the help of empirical relationships from Refs. [6, 7, 12, 23, 28] and UMADAC for these data subsets are also presented in Tables IV and V. Comparing the results  in Tables IV and V we conclude that the empirical relationships (20) with parameters from Table III describe well the α-decay half-lives values in the dedicated subset of nuclei.
V. CONCLUSION
We found the parameter values of UMADAC. These values have been obtained by using the updated values of the α-decay half-lives, the binding energies of nuclei, the spins of parent and daughter nuclei, and the surface deformation parameters of daughter nuclei. The data for α-decay half-lives in spherical and deformed nuclei and for α-capture reactions are well described in the framework of UMADAC.
We determined the updated parameter values of simple empirical relationship for α-decay half-lives for the total, light, and heavy subsets of nuclei. The available α-decay half-lives values are well described by the empirical relationship for α-decay half-lives which take into account the spin-parity properties of the parent and daughter nuclei.
